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EDITORIAL REVIEW
How much "new" bicarbonate is formed in the distal nephron
in the process of net acid excretion?
To answer the question posed in the title of this editorial, the
data required are the in situ luminal fluid concentrations of
NH4, H, HC03 and H2P04 in the various nephron seg-
ments. These data can only be provided by superficial nephron
micropuncture data in the cortex, micropuncture of the tip of
the ioop of Henle of deep nephrons, and microcatheterization of
inner medullary collecting ducts. Hence, one limitation of this
analysis is the assumption that the above values represent
reasonable estimates of in vivo events in all nephrons in the
kidney.
There is another source of data to examine to help gain
insights into events in vivo, studies with isolated nephron
segments or with membrane vesicles derived from these struc-
tures. Data from these studies provide insights into transporter
activities, electrical properties, kinetics and the like. Notwith-
standing, they do not indicate specific flux rates in vivo because
the physiological setting cannot be mimiced perfectly. For
example, in the present problem, there is an abundant activity
of H ATPase in the medullary collecting duct [reviewed in I,
2]. The questions are however, how much H flux actually
occurs across the medullary collecting duct in vivo and in which
circumstances is this flux high? To have a high flux rate, there
must be H acceptors such as NH3 in the fluid in the lumen.
This article will not focus on the mechanisms by which
protons are secreted for the sake of brevity; rather, its emphasis
will be on the net result of the various observed transports. An
excellent detailed review of the transporters involved in proton
and bicarbonate secretion can be found in reference 1, and a
detailed review of the H ATPase in reference 2.
Acid-base balance is the net result of two processes, first, the
removal of bicarbonate subsequent to hydrogen ion production
from the metabolism of dietary constituents; second, the syn-
thesis of "new" bicarbonate by the kidney'.
The term "new bicarbonate" rather than "regenerated bicarbon-
ate" was used to emphasize the point that the kidney must synthesize
bicarbonate de novo to replace the bicarbonate that was lost in the
buffering process to achieve acid base balance. Hydrogen ions were
eliminated from the body in the following reactions:
H + HCOI H2C03 H20 + CO2 (lungs).
The controversy concerning the relative importance of the liver and
kidney in acid base balance will not be addressed; the major viewpoints
have recently been reviewed [16. 17]. Furthermore, a discussion of
diets which yield a net bicarbonate rather than acid load was omitted for
brevity.
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Acid production due to metabolism of the diet
This topic has been reviewed extensively and is summarized
in Table 1 and [3]. The sources of acid production (net 1 mmol/
kg body weight) are the sulphur-containing amino acids and
dibasic minus dicarboxylic amino acids. Carbohydrates can
yield lactic acid if tissue hypoxia is present whereas fats can
yield ketone body acids if there is relative insulin deficiency.
The [Hf] in the ECF is very low (40 X l0— M) and the
principal buffer in this compartment is bicarbonate. Just under
half of the buffering of the daily hydrogen ion load occurs in the
ECF [4]; with buffering, both hydrogen ions and bicarbonate
are lost via CO2 elimination by the lungs (equation 1). There-
fore, buffering of the daily net acid load results in a body
bicarbonate deficit2.
H + HC03 *- H2C03 H20 + CO2
Generation of "new" bicarbonate by the kidney
(1)
To maintain acid-base balance, the kidney must both reab-
sorb ("reclaim or recycle") filtered bicarbonate and generate
"new" bicarbonate to replace the bicarbonate which was lost
when protein was metabolized.
Reclaimed or recycled bicarbonate
The process by which the kidney "reclaims or recycles"
filtered bicarbonate does not add "new" bicarbonate to the
body; it merely prevents the loss of filtered (existing) bicarbon-
ate. The mechanism for reclaiming the first 85% of filtered
bicarbonate in the proximal convoluted tubule is described in
reference 5 and is summarized in Figure 1; accordingly, it will
not be discussed in detail. The manner in which the kidney
reclaims the remaining 15% of bicarbonate is complex and is
described in this editorial.
"New" bicarbonateformation by the kidney
There are two major processes by which the kidney adds
"new" bicarbonate to the body, the titration of filtered HP04
buffer in the lumen by secreted hydrogen ions and the produc-
tion of bicarbonate by metabolism of anions in the kidney.
Titration ofHP04 in fluid in the lumen. When hydrogen ions
are secreted by renal tubular cells into the lumen, "new"
bicarbonate will be formed if free protons are excreted or these
protons are bound to non-bicarbonate buffers. In quantitative
terms, the free proton excretion rate is less than 0.1 mmol/day
2 Close to 60% of the acid load is buffered temporarily in the ICF [41.
However, these hydrogen ions are ultimately removed as CO2 via the
lungs as shown in equation 1; these hydrogen ions return to the ECF
after the kidney generates "new" bicarbonate to lower the ECF [H]
and provide a favorable [Hl gradient for proton efflux from cells.
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Table 1. Major processes involved in net acid production or removal
I. Acid production
a) Carbohydrate
—Glucose to lactic acid (hypoxia)
b) Fat
—Triglyceride to B-hydroxybutyric acid + acetoacetic acid
(insulin lack)
c) Protein
—Metabolism of sulphur containing amino acids to H2S04
(methionine, cysteine/cystine)
—Metabolism of dibasic amino acids to HCI (lysine, arginine
and 1/2 histidine)
d) Metabolism of organic phosphate diesters to HP04 + H
2. Bicarbonate production
a) Metabolism of organic anions in diet as Na or K salts (lactate,
citrate, malate, acetate, etc.) to CO2. glucose or fat
b) Metabolism of dicarboxylate amino acids (glutamate, aspartate)
to urea, C02, glucose or fat
—________________
and can be ignored as a quantitatively appreciable source of
"new" bicarbonate (which is close to 70 mmollday in the
normal human). The major hydrogen ion acceptor in the urine is
divalent phosphate (HPO4). The quantity of protons that it can
bind depends on its pK [6.8], its quantity (close to 30 mmol/day)
and the pH of luminal fluid. With respect to the latter, the
luminal fluid pH is somewhat lower than 6.8 at the end of the
proximal convoluted tubule [reviewed in 5]. If, for the sake of
calculation, we assume an end-proximal luminal fluid pH of 6.5,
2/3 of this HP04 would be protonated in this nephron segment;
thus 20 mmol of this type of "new" bicarbonate is generated in
the proximal tubule. Hence only 1/3 or some 10 mmol of "new"
bicarbonate could be generated in the distal nephron by proton
secretion to titrate HPO4 in the luminal fluids.
Production of "new" bicarbonate by the metabolism of
anions. There are two conceptual points to grasp concerning
the metabolic production of "new" bicarbonate.
(i) The metabolism of an organic anion to neural end-products
will consume hydrogen ions (or make bicarbonate) as shown in
equations 2 and 3.
C3H503 (lactate) + H + 3 02 —. 3 CO2 + 3 1120 (2)
CO2 + H20 —÷ H + HC03 (3)
Sum 2 + 3: Lactate + 302 — 2 CO2 + 2 H2O + HCO3
(ii) To generate "new" bicarbonate, the organic anion had to
be produced without a proton in the body [reviewed in 6]. To
illustrate this point, consider the following two examples:
a) Lactate anion. When the lactate anion is metabolized in
the kidney, bicarbonate is produced as illustrated in equations 2
+ 3; this merely completes the Con cycle (equations 4 + 5). The
fact that the kidney and not the liver was the site of reaction 5
is not especially important for acid-base balance (nephrecto-
mized patients do not usually accumulate lactate anions plus
protons and succumb to lactic acidosis). Hence the Con cycle
does not yield a net proton load or deficit for the body despite
H20 + CO2 —
Fig. 1. Proximal NuHCO3 recycling. A. Filtered Na is reabsorbed
due to a low ICF INal created by the Na, K ATPase on the basolateral
membrane. H moves from the ICF to the lumen on the Na/H
antiporter. Toa minor extent, NH4 can replace H on this transporter.
The fate of this secreted H is to react with filtered bicarbonate to form
luminal H2C03. Thus filtered bicarbonate disappears. This membrane is
"leaky", hence steep [H] gradients cannot be produced. B. Luminal
H2C01 is converted to CO2 + H20 by luminal carbonic anhydrase (solid
dot); they enter the cell and are converted to H for secretion and
HC03 for exit to the body by an intracellular carbonic anhydrase
(CA). Thus combining figures A and B, the filtered NaHCO3 is
reclaimed or recycled.
the fact that glycolytic organs generate protons (or remove
bicarbonate) and lactate consuming organs remove protons (or
produce bicarbonate). Stated another way, Con cycle genera-
tion of bicarboate by the kidney does not directly help replace
the daily bicarbonate deficit.
Glucose —÷ 2 lactate + 2 H (4)
2 Lactate —' Glucose + 2 HC03 (5)
The pH of luminal fluid at the beginning of the distal convoluted
tubule is very close to that at the end of the proximal convoluted tubule.
However, the luminal fluid pH rose in the ioop of Henle, thus HPO4
was back-titrated and re-titrated in the loop of Henle; however, this
does not result in a net bicarbonate gain.
Sum 4 + 5: Glucose —, Glucose
b) Production of an anion without protons. The generation of















Fig. 2. Generation of "new" bicarbonate by the kidney. The majority
of the "new" bicarbonate generated in the kidney occurs in the
proximal tubular cells due to glutamine metabolism. The other product
of this reaction is NH4. This cation must be excreted in the urine to
prevent it from going to the liver where it will be converted to urea and
consume bicarbonate in the process. The transfer of the cation NH4 to
the final urine is thus essential for net bicarbonate gain but it is not the
true source of this "new" bicarbonate.
amino acids are converted to a ketoacid anion plus NH4. This
occurs in proximal tubular cells where glutamine is metabolized
to ammonium and 2-oxoglutarate [reviewed in 7]. Metabolism
of 2-oxoglutarate to glucose or CO2 yields bicarbonate; hence
all the "new" bicarbonate generated by the kidney has already
occurred before there is net transfer of NH4 into the urine
(Fig. 2). Quantitatively, this rate of net "new" bicarbonate
formation is close to 40 mmol/day in normals and up to 400
mmol/day during chronic metabolic acidosis. A major assump-
tion made at this point is that the vast majority of renal
glutamine metabolism occurs in the proximal convoluted tubule
[reviewed in 7].
NH4 transitfrom proximal cell to urine, a necessary step
for net "new" bicarbonate formation
Proximal tubule. Good and Dubose [8] have demonstrated
that NH4 is secreted into the luminal fluid of the proximal
tubule, probably via the NaJH antiporter. By the end of the
proximal convoluted tubule, virtually 100% of the NH4 to be
excreted in the final urine is already in the luminal fluid [9].
However, the transfer of the cation NH4 from cell to lumen
does not generate "new" bicarbonate—it merely replaces the
cation Na, (Fig. 3).
For simplicity, I shall trace the fate of this luminal NH4
together with the bicarbonate remaining in the lumen at the end
of the proximal convoluted tubule (only 85% of filtered bicar-
bonate is reclaimed or recycled in the proximal tubule and the
luminal bicarbonate concentration exceeds that of NH4 in all
but the most severe metabolic acidosis [101. Quantitatively,
approximately 600 mmol of bicarbonate and less than 100 mmol
of NH4 leave the proximal convoluted tubule in normals.
Loop of Henle. During transit through the proximal straight
tubule and the loop of Henle, approximately 400 mmol of
delivered bicarbonate are reabsorbed. In addition, there is a net
decline in the NH4 content—approximately 2/3 of delivered
NH4 is readsorbed in the loop of Henle [9, 11]. Good,
Knepper and Burg [12] have shown that NH4 is reabsorbed in
the thick ascending limb of the loop of Henle, probably by
replacing K on the Na K 2 Cl luminal cotransporter. Once
reabsorbed, the NH4 dissociates into NH3 + H; the protons
are probably secreted into the loop of Henle lumen to convert
bicarbonate to H2C01 [13]. Hence the net result is the conver-
sion of delivered NH4 plus HC03 to peritubular NH3 plus
luminal H2C03. Note that this process has yet to add bicarbon-
ate to the blood; this will occur primarily in or near the cortex4.
There is a quantitative problem for the loop of Henle with
respect to the source of protons for bicarbonate removal. The
quantity of bicarbonate leaving the proximal convoluted tubule
is much greater than that of NH4. Since the NH4 concentra-
tion rises between the end of the proximal convoluted tubule
and the tip of the loop of Henle [14], NH4 may have been
secreted into the late proximal tubule [15]. Hence the quantita-
tive role of NH4 in the removal of luminal bicarbonate in the
loop of Henle is probably much greater than anticipated by
merely examining the content of fluid exiting the late proximal
convoluted tubule [reviewed in 9].
Distal nephron. There are many studies which have docu-
mented that the collecting duct is the site where the H ATPase
is located in the luminal membrane and the luminal fluid pH
declines when this pump adds protons to the luminal fluid [1]. If
viewed in isolation, this action should yield "new" bicarbonate
as described in equations 6 and 7:
H2O — H (to lumen) + 0H (in cell)
OH- (in cell) + CO2 — HCO3 (to body)
(6)
(7)
Sum 6 + 7: H2O —* W to lumen + HC03 to body (does it
do so in vivo?)
The inner medulla is the site of steep concentration gradients in the
kidney due to the counter-current system. Hence addition of apprecia-
ble quantities of bicarbonate to the medullary interstitium could con-
stitute a dilemma—how would bicarbonate which was added here to get
the renal vein without a large rise in its concentration in the medullary
interstitium or disrupting the counter-current system? Accordingly,
most bicarbonate added to the peritubular area consequent to proton
secretion via the H ATPase probably occurs in the outer medullar or
inner cortex to avoid this potential problem.
Quantitatively 400 to 500 mmol of bicarbonate are reabsorbed during
transit from end-proximal convoluted tubule to the early distal convo-
luted tubule. Should most of this flux occur near the cortico-medullary
junction, the unique medullary environment would remain intact (Fig.
3). However, if luminal bicarbonate were titrated by proton secretion
deeper in the medulla and bicarbonate were not added to the medullary
interstitium, CO2 could not be the source for this proton secretion;
rather NH4 or lactic acid produced by glycolysis could be the proton
source. In these cases. NH1 or the lactate anion would have to be
removed from the medulla. Finally, the fact that there is no luminal
carbonic anhydrase in the loop of Henle lumen would permit the H2C03
formed here to be converted to CO2 in the cortex where the CO2 could
be used for proton secretion and bicarbonate addition to the renal
venous blood.
HC03
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Fig. 3. Reclaimed or recycled bicarbonate. All the bicarbonate filtered at the glomerulus (the circle in the stylized nephron) must be reabsorbed
(recycled or reclaimed). The majority (85%) of filtered NaHCO3 is reclaimed or recycled in the proximal tubule due directly to H secretion
(process i). However much of the remaining NaHCO3 is reclaimed either directly by hydrogen ion secretion in the loop of Henle and distal nephron
segments or by a more complex route involving reabsorption of NH4 from the lumen. The bicarbonate is lost from the lumen due to loop H
secretion. However bicarbonate is not added back to the blood until H* are secreted into the collecting duct lumen and are buffered by NH3 (the
NH3 was produced by reabsorbing NH4 in the thick ascending limb of the loop of Henle and the protons so-formed secreted to remove luminal
bicarbonate).
Reactions 6 + 7 can yield "new" bicarbonate providing that
there is a luminal H acceptor other than bicarbonate. We have
already established that only 10 mmol of HP04 are delivered
to this segment. Furthermore, NH4 cannot accept another
proton and there is probably little or no production of NH3
without a proton in the renal medulla. Thus, distal nephron H
ATPase activity cannot generate an appreciable quantity of
"new" bicarbonate as there are too few hydrogen ion acceptors
in the urine. Furthermore, hydrogen ion secretion in the me-
dulla has the additional problem of medullary interstitial bicar-
bonate accumulation4.
Whole nephron events
Ammonium. NH4 was formed from glutamine (along with
the "new" bicarbonate); NH4 entered the proximal tubular
fluid lumen (no change in bicarbonate in this process). There
was net reabsorption of NH4 in the outer medulla (thick
ascending limb); NH4 reappeared in the collecting duct lumen.
The net reaction is a complicated path whereby proximal NH4
becomes urine NH4, but its net overall effect was to reabsorb
luminal Na in the proximal convoluted tubule; it was also
important to help reclaim or recycle some of the 15% of
remaining filtered bicarbonate (Fig. 3). Finally, it is critical to
excrete this ammonium to prevent it from reaching the liver
where it would be converted to urea and consume a bicarbonate
[16, 17].
Bicarbonate. Bicarbonate entered the lumen of the proximal
tubule by filtration. Most (85%) was reclaimed directly by
proximal H secretion. Most of the bicarbonate which re-
mained after proximal hydrogen ion secretion was recycled via
more complex distal events (Fig. 3). First, hydrogen ion secre-
tion between the end of the proximal convoluted tubule and the
beginning of the distal convoluted tubule removes most of the
remaining luminal bicarbonate, as 2/3 of the volume was reab-
sorbed but there was little net change in the bicarbonate
concentration. To the extent that luminal NH4 is the ultimate
source of these secreted protons in the loop of Henle, luminal
bicarbonate is removed but bicarbonate is not added to the
renal venous blood. This series of reactions results in NH3
formation in the outer medulla or inner cortex and permits
continuing H secretion by collecting duct cells, thereby com-
pleting the recycling of luminal bicarbonate escaping proximal
recycling (Fig. 3). In fact, more NH4 recycles in the medulla
(secreted into the proximal straight or descending limb of the
loop of Henle and reabsorbed in the thick ascending limb [15])
making this component of bicarbonate recycling quantitatively
more important.
Clinical implications
Might the above pathway for "new" and "recycled" bicar-
bonate handling by the kidney have clinical implications?
Diagnostically, there are no changes because urine ammonium
plus H2P04 excretions still indicate the quantity of renal
"new" bicarbonate added to the body. However, this view
might help explain the pathophysiology of some cases of
nephrocalcinosis. If inner medullary collecting duct hydrogen
ion secretion were permitted to increase, considerable bicar-
bonate should be added to the inner medulla, alkalinizing this
area. This high pH might lead to calcium deposition and
nephrocalcinosis. This scenario might be produced if a large
quantity of luminal hydrogen ion acceptor were present in the
inner medullary collecting duct (examples might be bicarbonate
itself, NH3, HPO4 or compounds with a pK in the 5 to 6 pH
range). Furthermore, this tendency toward accumulation of
medullary interstitial bicarbonate would be potentiated if the
process which added luminal hydrogen ion acceptor was not
accompanied by a large increase in inner medullary blood flow
NH4 *
HC03 to blood
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to "wash out" the hyperosmolar and alkaline medullary envi-
ronment.
Conclusions
1.) Acid-base balance involves the coordinated actions of
three major organs—the liver which produces strong or fixed
acids, the lungs which actually eliminate the protons leaving a
bicarbonate deficit and the kidneys which replace the bicarbon-
ate deficit by synthesizing "new" bicarbonate.
2.) There are two kidney processes by which "new" bicar-
bonate is formed; the first is the titration of filtered HPO4 by
secreted hydrogen ions. However, this component is relatively
small because the quantity of HP04 in the lumen is only 30
mmol per day in humans. Approximately 2/3 of this amount is
titrated in the proximal tubule.
3.) The most important component of renal "new" bicarbon-
ate formation is due to the metabolism of glutamine to NH4
plus bicarbonate. This process can increase from 5-to 10-fold in
subjects with chronic metabolic acidosis.
4.) No "new" bicarbonate is generated per se by the excre-
tion of NH4 synthesized in the proximal tubule. However this
process is essential for the net gain of bicarbonate in the body
(otherwise NH4 is delivered to the liver and converted to urea,
consuming a bicarbonate in the process). The transfer of NH4
from proximal cells to the urine helps reclaim or recycle filtered
bicarbonate which was not reabsorbed in the proximal convo-
luted tubule. Hence collecting duct hydrogen ion secretion,
while essential for acid-base balance, does not really generate
much "new" bicarbonate.
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